Figure 2. Effects of pMK10 series vectors on drug-resistant colony formation and β β -gal-positive colony formation. After transfection with β -gal expression vectors, NIH3T3 cells were plated into 90-mm dishes at 6.5 × 10 4 cells per dish. Drug-resistant colonies were selected by various concentrations of G418 for 2 weeks, and their numbers were counted (light columns). After X-gal-based staining, blue colonies expressing β -gal were also counted (dark columns). Data are expressed as mean ± SE ( n= 3).
Although various techniques to express genes cloned in an expression vector for mammalian cells have been developed (5) , selection of cell lines expressing at a high level desired genes from a large number of candidate clones is often labor-intensive and time-consuming. In this study, improved dicistronic mRNA expression vectors using an internal ribosomal entry site (IRES) (2) were constructed for the efficient selection of these clones from transfected mammalian cells.
As reported by Kaminski et al. (2) , initiation of translation on the mRNA of the encephalomyocarditis virus (EMCV) occurs by a cap-independent mechanism utilizing the IRES. Ribosomes recognize a high degree of secondary structure of the IRES, directly bind to and then initiate translation from the unique AUG codon at its 3 ′ end (2) . Among several AUGs in the IRES, this predominant initiator AUG is referred to as "AUG-11" (2) . Although the initiation occurs primarily at AUG-11, Davies and Kaufman (1) further clarified the occurrence of the initiation at multiple downstream AUG codons. A practical dicistronic mRNA expression vector placing the IRES between the gene of interest and a selectable marker gene was first reported by Kaufman et al. (3) . This vector expresses a single mRNA encoding the two open reading frames (ORFs), the first of which is translated in a cap-dependent manner and the second of which is utilizing the IRES. In the dicistronic mRNA transcribed from this vector, AUG-11 functions as the initiator AUG of the second ORF to optimize the translation efficiency of a selectable marker gene. Such dicistronic vectors are advantageous to ensure the co-expression of the desired gene in the majority of cells expressing a selectable marker gene.
To efficiently obtain clones expressing the desired gene at a high level, we have improved this dicistronic transcription unit (3) . We have designed selective reduction of initiation efficiency of translation of the marker gene using the low-efficient initiation at an AUG codon downstream of AUG-11 (1). Thus, only those clones expressing the integrated foreign genes at a high level could survive drug selection. Additionally, to enable ubiquitously strong expression of dicistronic mRNA, the transcription unit was placed under control of a chicken β -actin promoter containing cytomegalovirus (CMV) immediate early enhancer and a rabbit β -globin intron II acceptor site (CMV E/ β -actin promoter) (7) .
The monocistronic mRNA expression vector pMK0 was constructed by the replacement of sequences of the mammalian expression vector, pRc/ CMV (Invitrogen, San Diego, CA, USA) as follows ( Figure 1A ). Partial sequences in the CMV promoter (nucleotides [nt] 611-966) of pRc/CMV were replaced with the β -actin promoter (1.3-kb Xho I/ Kpn I fragment of pact-β -gal; Nippon Gene, Tokyo, Japan) followed by rabbit β -globin intron II acceptor site (nt 904-1046 fragment of pSG5; Stratagene, La Jolla, CA, USA). Also, the original bovine growth hormone mRNA poly(A) signal (nt 1019-1250) of pRc/CMV was replaced with a simian virus 40 (SV40) poly(A) signal (nt 741-886 fragment of pMSG; Pharmacia Biotech, Uppsala, Sweden). As shown in Figure 1A , pMK0 contains two expression units; one encodes a cDNA cloned into a unique Xba I site under the control of the CMV E/ β -actin promoter, and the other encodes a neomycin-resistance gene ( neo ) driven by an SV40 promoter.
The conventional dicistronic mRNA expression vector pMK1 ( Figure 1B ) carrying one transcription unit driven by the CMV E/ β -actin promoter was constructed by substitution of EMCV IRES including the ATG encoding AUG-11 (referred to as the "ATG-11" and indicated by * in Figure 1 ) at its 3 ′ end (nt 2334-2917 fragment of pCITE-1; Novagen, Madison, WI, USA), for a sequence from the unique Xba I site to the ATG encoding the original initiator AUG of neo(referred to as the "initiator ATG" and indicated by # in Figure  1 ) in pMK0. The transcription unit of the pMK1 vector directs the cap-dependent translation of the first ORF cloned into the Xba I site and IRES-mediated neotranslation as the second ORF. In pMK1, ATG-11 functions as the initiation codon of neo .
On the other hand, our improved dicistronic mRNA expression pMK10 series vectors ( Figure 1C) NIH3T3 cells were transfected with the β -gal-expressing vector pMK0, pMK1 or pMK10 59 by lipofection. Stable transfectants were isolated by G418 selection (800 µ g/mL), and the clones were further cultured for 10 weeks in the presence of G418 (800 µ g/mL). Cellular β -gal activity in each clone was measured, and clones were classified accordingly. The data are indicated as the percentages of total clones established in each vector. neoand would be able to function in the translation of neoin the pMK10 series vectors. For the subsequent evaluation, the lacZgene from E. coli was introduced into the Xba I site of each of the pMK-series expression vectors.
% of Total Clones Established
Levels of neoexpression from conventional and improved dicistronic mRNA expression vectors were compared by monitoring the ability of transfected cells to form colonies in medium containing various concentrations of G418 (250-800 µ g/mL). Murine fibroblast NIH3T3 cells were transfected with one of the β -gal expression vectors, pMK1, pMK10 31 , pMK10 59 or pMK10 122 , by the lipofection method (4) . After a 30-h incubation period following transfection, 3% to 4% of the cells treated with each vector were positively stained by the 5 -bromo-4-chloro-3-indolyl-β -D -galactoside (X-gal)-based β -gal staining technique (6) (data not shown). Thus, there were no apparent differences among transient transfection efficiencies estimated by β -gal expression between the four vectors. In contrast, after cultivation with G418 for 2 weeks, marked decreases (4-fold to 7-fold) in the numbers of G418-resistant colonies were detected in cells harboring each of the pMK10 series vectors when compared to the number of pMK1 transfectants as shown in Figure 2 (light columns). As we expected, a decrease in the efficiency of internal initiation of neotranslation was caused by the presence of frame-shifted AUG-11 for neo translation and by the inappropriate positioning of the initiator AUG of neoin comparison with the predominant position of AUG-11 against the IRES. Thus, only those colonies highly expressing dicistronic mRNA encoding the lacZ gene and neosurvived G418 selection, even at a low G418 concentration such as 250 µ g/mL. This effect of the insertion of these spacer sequences was further confirmed by numbers of β -gal-positive colonies (dark columns in Figure 2 ). As the X-galbased β -gal staining technique is relatively low in sensitivity, the method was adopted to detect colonies expressing highly the dicistronic mRNA encoding lacZgene as the first ORF. The ratios of β -gal-positive to total drug-resistant colonies in the pMK10 series transfectants (ca. 50%-90%) were increased 3-fold to 6-fold, when compared to the control pMK1 transfectants (ca. 10%-20%). Concurrently, the ratios of β -gal-positive colonies in pMK10 series transfectants increased effectively by increasing the level of G418 in the selective medium. It is noteworthy that severe selective conditions including 800 µ g/mL G418 are more suitable for obtaining clones expressing foreign genes at high levels.
Next, the expression levels of β -gal in the stable transfectants were compared quantitatively. NIH3T3 cells were transfected with pMK0, pMK1 or pMK10 59 . Then about 15 drug-resistant clones, harboring each expression vector, were isolated by cultivation with a high concentration of G418 (800 Benchmark s µ g/mL) and further cultured under the same conditions for 10 weeks. The cells were harvested, and β -gal activities in the lysates were determined quantitatively (6) . The effects of the vector structure on the β -gal expression level in stably transfected clones are summarized in Table 1 . Transfectants expressing β -gal at high levels were selected more efficiently from pMK10 59 -transfected clones than from the pMK0 or pMK1-transfected clones. By Southern blot analysis, we found that the copy number of integrated lacZgenes in the pMK10 59 transfectants was higher than that in the other transfectants (2-fold to 3.5-fold higher, data not shown). This indicates that a high-copy number of integrated foreign genes contributed to the high level of expression of β -gal in cells harboring pMK10 59 .
With the present report, we have demonstrated the characteristics of the series of dicistronic mRNA expressing pMK10 vectors, which have hampered internal initiation of translation of a drug-resistance gene from the EMCV IRES, for mammalian cells. We also indicated the usefulness of the vector for efficient selection of transformants expressing desired genes at high levels. These vectors will be a powerful tool to express exogenous genes in mammalian cells.
